ABSTRACT: Quality measures of lamb longissimus dorsi were evaluated in 514 crossbred wether lambs to assess sire breed differences. Wethers were produced over 3 yr from single-sire matings of 22 Columbia, 22 U.S. Meat Animal Research Center (USMARC)-Composite (Composite), 21 Suffolk, and 17 Texel rams to adult Rambouillet ewes. Lambs were reared to weaning in an extensive western rangeland production system and finished in a feedlot on a high-energy finishing diet. One of three harvest groups were randomly assigned to each lamb, and lambs were transported to The Ohio State University abattoir when the mean BW of wethers remaining in the feedlot reached 54.4, 61.2, or 68.0 kg. After harvest, subjective lean quality scores were assigned and LM pH (immediately after and 24 h after harvest), color (quantified as Minolta L*, a*, and b*), intramuscular fat (IMF), cooking loss percentage, and Warner-Bratzler shear force (WBSF) were determined. Statistical models included fixed effects of sire breed, year of birth, and harvest group and random effects of sire (nested within sire breed and year) and maternal grandsire. Year and harvest group were significant (P < 0.04) for all traits, except harvest group was not for WBSF and lean quality (P > 0.28). At comparable numbers of days on feed, Texel-sired wethers had the greatest (more desirable; P < 0.01) subjective lean quality scores while Composite-and Suffolk-sired lambs were intermediate and Columbia-sired lambs had the lowest (less desirable). Minolta L* values were greater (P < 0.02) for Texel-than Columbia-sired lambs, although this difference is not visually discernible by humans. No significant (P > 0.05) sire breed effects were detected for LM pH at or 24 h after harvest, Minolta a* and b*, IMF, percentage of cooking loss, and WBSF at comparable numbers of days on feed. At comparable chilled carcass weight, significant (P < 0.01) sire breed effects were detected for subjective lean quality score. Texel-sired lambs had greater scores than Columbia-and Suffolk-sired lambs, but Composite-sired lambs did not differ from lambs sired by the other sire breeds. Sire breed effects were not detected (P > 0.15) for LM pH at or 24 h after harvest, Minolta L*, a*, and b*, cooking loss percentage, IMF, and WBSF at comparable chilled carcass weight. Therefore, results of the present study indicated that the 4 sire breeds produced crossbred lamb carcasses that had similar and desirable LM quality measurements, meeting consumer expectations.
INTRoDUCTIoN
Meat quality is very important in relation to consumer perceptions of eating quality and thus consumption. In the United States, identification and use of objective quality measurements has been recognized as a strategy to improve consumer perception and therefore increase consumption of pork and beef (Sybesma and Eikelenboom 1978; Lahucky et al., 1997; Page et al., 2004) . However, within the U.S. sheep industry, flock genetics and production systems vary substantially and thus meat quality measurements have been found to be variable (Koohmaraie et al., 1995; Burke et al., 2003; Borton et al., 2005) . Providing a consistent lamb product may improve U.S. per capita lamb consumption, which was estimated to be 0.27 kg per person in 2012 (USDA, 2013) .
Breed of sire has been found to impact lamb growth (Ali et al., 2005; Leeds et al., 2012; Notter et al., 2012; Shackelford et al., 2012) and some carcass traits (Ali et al., 2005; Mousel et al., 2012 Mousel et al., , 2013 Shackelford et al., 2012) . Western range operations produce approximately 50% of the U.S. lamb crop (NRC, 2008) , but very few recent comparisons of terminal sire breeds have been conducted in the western United States. Therefore, a 3-yr study was conducted at the U.S. Sheep Experiment Station (USSES; Dubois, ID) to evaluate Columbia, Suffolk, U.S. Meat Animal Research Center (USMARC)-Composite (Composite; Leymaster, 1991) , and Texel rams as terminal sires. The objective of the present study was to quantify sire breed effects on quality measures of the LM from crossbred wether lambs harvested at different BW.
MATERIALS AND METHoDS
The USSES Institutional Animal Care and Use Committee reviewed and approved all husbandry practices and experimental, transportation, and harvest procedures used in this study.
Animals
Detailed descriptions of the overall experimental design, sampling of rams, flock management, and feedlot and harvest protocols have been previously reported Mousel et al., 2012 Mousel et al., , 2013 . Briefly, adult (3 to 7 yr old at lambing) USSES Rambouillet ewes were mated to Columbia, Composite, Suffolk, or Texel rams (a total of 17 to 22 rams per sire breed) in single-sire mating pens from 2005 to 2007 (Table 1) . Columbia, Suffolk, and Texel rams were sampled from 11, 11, and 10 industry flocks, respectively, and from USSES Columbia and Suffolk flocks. The Composite was derived by crossing Columbia (50%), Hampshire (25%), and Suffolk (25%) breeds in the early 1970s at the USMARC, Clay Center, NE (Leymaster, 1991) , and Composite rams were sampled solely from the USMARC flock. Lambs were born in March or April of each year, managed in a feedlot setting for approximately 30 d after birth, and then herded on sagebrush steppe and subalpine range until weaning at approximately 132 d of age. Within 8 d after weaning, lambs began gradual adaptation to a finishing diet in a USSES feedlot. One of three replicated feedlot pens was randomly assigned, within breed and sex, to each lamb with a maximum of 16 lambs per pen. Therefore, each pen contained lambs of 1 sex and 1 breed and represented 6 to 9 sires. Lamb health was monitored daily and ill lambs were treated .
One of three harvest groups was randomly assigned within breed and sire to wethers entering the feedlot . These harvest groups encompassed the typical range of U.S. market lamb harvest BW (USDA, 2014) . When average BW of all wethers remaining in the feedlot reached the targeted harvestgroup BW of 54.4, 61.2, or 68.0 kg, wethers assigned to that harvest group were transported to The Ohio State University abattoir for harvest. A minimum of 0.52 m 2 of floor space was provided per animal, and wethers had access to water and alfalfa hay during the approximately 48-h transport. Upon arrival at the abattoir, lambs were rested overnight and had free access to water but not feed (Leeds et al., 2008) . In 2008, lambs in the final group were an average of 13 d younger at harvest than in 2006 and 2007 because of scheduling conflicts. Over the 3 yr, quality measures on the LM for 514 wethers (Table 1) were collected and analyzed. Similar numbers of carcasses were available for evaluation across years (n = 170, 176, and 168 for 2006, 2007, and 2008, respectively) and sire breeds (n = 129, 131, 122, and 132 for Columbia, Composite, Suffolk, and Texel, respectively).
Measurements
A complete description of harvest procedures has been previously reported (Leeds et al., 2008; Mousel et al., , 2013 . Wethers were rendered unconscious by captive-bolt stunning, exsanguinated, and dressed. Loin pH at harvest (pH1) was measured using a portable pH meter (HI98240; Hanna Instruments, Padova, Italy) equipped with a glass-tipped pH probe (FC201D; Hanna Instruments). Each carcass had an approximately 1.27-cm incision cut into the fat centered over the 12th rib loin surface. Then the probe was inserted through the cut, approximately 1 cm into the LM, within approximately 45 min after harvest. After storage at 4°C for approximately 24 h and before the carcass was ribbed, pH at 24 h after harvest (pH24) was recorded in the same method and used the same incision as pH.
One of three trained university personnel subjectively assigned visual lean scores (Prime+ = 15 and Cull = 1) according to USDA (1992) guidelines after carcasses were chilled for approximately 24 h and ribbed between the 12th and 13th ribs. This score was based on the color and marbling of the LM and flank. A greater score reflects more marbling and less red color of the LM and flank and thus a less mature lamb.
Objective color measurements were conducted after the carcass was fabricated. In preparation for color measurement, 1 chop (with a thickness of approximately 2.54 cm) was removed from the loin immediately posterior to the 12th/13th rib interface, butterflied, and exposed to air for 30 min at 4°C. Objective color (L*, a*, and b*) was measured using a CR-310 Minolta Colorimeter (50 mm diameter orifice, 10° standard observer, D 65 light source, and calibrated against a white tile; Minolta Camera Company, Ltd., Osaka, Japan). Minolta L* is indicative of the brightness of the LM; greater values indicate more white. Minolta a* and b* measure color differences on the green (-a*) to red (+a*) and blue (-b*) to yellow (+b*) scales, respectively (AMSA, 2012).
To quantify intramuscular fat (IMF) in the LM, a 2.54-cm chop was removed from the loin as described above, vacuum packaged, and stored at 0 to 4°C until further processing. The chop was subsequently allowed to return to room temperature, and all subcutaneous fat and connective tissue were removed. Remaining muscle was assessed for percentages of moisture and fat (IMF) using the air-dry oven and Soxhlet ether-extraction methods (AOAC, 2007) , respectively, as detailed in Moeller et al. (2010) . Analyses were performed in triplicate.
Tenderness of the LM was assessed from three 2.54-cm-thick chops that were removed from the loin as described above, vacuum packaged, aged 6 d at 0 to 4°C, and frozen until Warner-Bratzler shear force (WBSF) evaluation (AMSA, 1995) . Chops were thawed for 24 h at 4°C weighed, cooked using a George Foreman Grill (Spectrum Brands, Inc., Middleton, WI) at 176°C to an internal temperature of 66°C, allowed to cool to room temperature, and weighed to determine percentage of cooking loss. Cores of 1.27-cm diameter were then removed parallel to the longitudinal orientation of the muscle fibers and their peak shear force was measured using a texture analyzer (TAX X2 Plus Texture Analyzer; Texture Technologies Corp., Scarsdale, NY), equipped with a WBSF attachment. Means of 2 to 10 cores per lamb (dependent on LM size; average of 6) were used in the statistical analysis.
Statistical Methods
Quality measurements were described using a linear mixed model in the Mixed Procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC):
in which Y ijklmn is the observation on the nth wether sired by ram S ijk of breed B j in lambing year A i , with Rambouillet maternal grandsire M l , harvested in group H m , and with initial BW deviation D ijklmn from the corresponding year × sire breed mean BW at the start of the feedlot trial (thus after the adjustment period); μ is an intercept term common to all observations; α is a linear regression coefficient relating Y to D; and e ijklmn is residual error. Maternal grandsire and sire (nested within breed) effects were considered random. Denominator degrees of freedom for tests of fixed effects were determined using the containment method of SAS 9.3. The Tukey-Kramer procedure for unbalanced data was used to identify pairwise significant differences among leastsquares means for years, harvest groups, and sire breeds (Kramer, 1956) . The continuous effect of D accounted for variation in initial BW within years and sire breeds at the start of the feedlot trial, thereby increasing the power of statistical tests of other effects in the model, but does not remove variation among years and sire breeds arising from mean differences in initial BW. Preliminary analyses indicated that the effect of initial BW deviation largely accounted for effects of lamb age at weaning, type of birth and rearing, and dam age; therefore, these effects were not included in the final model. Comparisons among sire breeds at comparable progeny chilled carcass weight (CCW) were made by fitting the allometric equation Notter et al., 2012 )
in which γ ijkl is a proportionality constant associated with the ith year, jth sire breed, kth sire (nested within year and sire breed), and lth maternal grandsire; W is CCW; and β is an allometric coefficient relating W to the component weights. The allometric equation was linearized for parameter estimation and hypothesis testing by transforming component weights and CCW to natural logarithms (ln) and fitting the linear model
with model terms analogous to those in model [1] . The harvest group × sire breed × year interaction was considered random and used to test fixed effects of year and sire breed against a conservative error term (Mousel et al., 2013) .
RESULTS AND DISCUSSIoN

Quality Measures with Increasing Time on Feed
Year effects were significant (P < 0.04) for all LM quality measures (Table 2) . Decreased lean quality scores and increased WBSF in 2008 were likely due to lighter and leaner lambs in 2008 . Minolta L*, a*, and b* measures were less in 2007 by a magnitude that is indicative of an observable, visually darker, more red, and more yellow LM color, respectively, when compared with measures for 2006 and 2008. The observed differences in objective LM color criteria in 2007 were consistent with greater pH24 observed in the present study. While statistically significant differences in L*, a*, and b* were observed when comparing years 2006 and 2008, the magnitude of the year differences were likely not large enough to indicate visually observable changes in appearance. Year effects were expected; previously reported results for these lambs had large year effects for nearly all carcass traits (Mousel et al., , 2013 . Year effects are difficult to control in most livestock production systems for a many reasons including but not limited to varying animal genetics, the unpredictable nature of weather, variable plant growth, affordable, available harvested feed, variable pathogens, and data collection personnel changes over the years.
Harvest group affected most LM quality measures (P < 0.01; Table 3 ) except for lean quality score (P > 0.71) and WBSF (P > 0.28). Cooking loss percentage decreased with increasing time on feed. Harvest group effects were generally small for Minolta L*, a*, and b* and would likely not result in visually observable differences in LM color characteristics. As may be expected, IMF increased as CCW increased, indicating a general fattening of carcasses as time on feed increased. Tenderness of the LM improved slightly (-0.13 kg WBSF) with increasing time on feed. The presence of harvest group effects is consistent with previous harvest group effects reported for carcass composition measurements (Mousel et al., , 2013 . Harvest group effects are difficult to control for similar reasons as year effects. If producers had a fully covered and enclosed feedlot, where weather is mostly removed as a variable, then year and harvest group effects could potentially be reduced for carcass traits.
Sire breed effects for LM quality measures are presented in Table 4 . In general, sire breed differences were very small for all LM quality attributes, with all sire types producing consistent, acceptable quality lamb. There were no significant (P > 0.13) year × sire breed interactions.
Statistically, Minolta L*, lean quality, and percentage of cooking loss differed (P < 0.05) among sire breeds, while pH24 approached significance (P < 0.09); however, the differences observed were not of a magnitude that would influence visual or eating quality parameters of lamb. For example, Minolta L* means for all lambs exceeded the consumer acceptable cutoff value of 34 and were less than the suggested upper threshold of 44 L* units for consumers evaluating color acceptability (Khliji et al., 2010) . A moderate heritability (0.21) has been estimated for fresh lamb meat Minolta L* (Mortimer et al., 2010) , indicating producers could select to improve Minolta L* if values are unacceptable in their lambs. Subjective lean quality scores were greatest (P < 0.01) for Texel-sired lambs, intermediate for Compositeand Suffolk-sired lambs, and the least for Columbia-sired lambs. Lean quality scores had the same sire breed ranking as subjective quality grade in these lambs . Maturity of the sheep, amount of fat deposited within and on the flank muscles (flank streaking), and the muscular development of the carcass are used to determine quality grade (USDA, 1992) . Because flank streaking is evaluated to determine both quality grade and lean quality scores, we would expect these measures to have the similar sire breed ranking. Although percentage of cooking loss was significant (P < 0.05) for sire breed effects, sire breed differences were not detected (P > 0.05) when the Tukey-Kramer procedure was performed. This quality measurement is important because when percentage of cooking loss increased, a sensory panel rated "liking" and flavor lower, implying retained fat was adding flavor to lamb meat (Hopkins et al., 2006) .
All sire breeds had pH24 within the acceptable range of 5.4 to 5.8 (Devine et al., 1993) ; however, Texel-sired lambs had a slightly lower average pH24 than Suffolksired lambs. Even though variation in pH24 has been reported in other countries with different breeds (Hopkins et al., 2007; Jandasek et al., 2014) , it was found to have a low heritability (0.10; Mortimer et al., 2010) , and ultimate pH was not associated with meat sensory traits (Hopkins et al., 2006) . In addition, different genotypes of the myostatin locus (GDF8) in Texel sheep were not associated with differences in meat quality traits (pH, Minolta L*, a*, b*, or WBSF; Johnson et al., 2005) .
Sire breed effects were not detected (P > 0.15) for Minolta a* and b*, pH, IMF, and WBSF. Khliji et al. (2010) found that consumers deemed Minolta a* (redness) values from fresh lamb meat acceptable when greater than 9.4, which all lambs in this study exceeded. Minolta b* (yellowness) values were found to be unimportant for consumer acceptability scores of fresh lamb meat (Khliji et al., 2010) . Genetic correlations calculated by Mortimer et al. (2010) indicated that selecting lambs with greater ultrasound LM depth would increase Minolta a* and b* values. Shackelford et al. (2012) evaluated quality measures of lambs sired by Composite, Suffolk, and Texel rams. The IMF data in Shackelford et al. (2012) are consistent with data from this study, but they found that Texel-sired lambs had lower slice shear force values than Compositeor Suffolk-sired lambs. Shackelford et al. (2012) evaluated ewe and wether lambs that were harvested in 10 groups from 186 to 249 d of age, whereas we compared a-c Means within a row with different superscripts differ (P ≤ 0.05). Mean separation tests were adjusted for multiple comparisons using the TukeyKramer option in SAS PROC Mixed (SAS Inst. Inc., Cary, NC).
A,B Means within a row with different superscripts differ (P < 0.10). Mean separation tests were adjusted for multiple comparisons using the TukeyKramer option in SAS PROC Mixed.
1 The U.S. Meat Animal Research Center (USMARC)-Composite was developed at the U.S. Meat Animal Research Center, Clay Center, NE, in the early 1970s; composition is 50% Columbia, 25% Hampshire, and 25% Suffolk.
2 From Mousel et al. (2012) . only wethers harvested in 3 groups from 201 to 250 d of age; these differences could have affected shear force. In addition, Shackelford et al. (2012) used slice shear force, which has been shown to be less repeatable than WBSF in lambs (Shackelford et al., 2004a) , but has a slightly better correlation than WBSF with trained sensory panel tenderness ratings in pigs (Shackelford et al., 2004b) . Lamb shear force and IMF were found to be significant predictors of sensory traits (i.e., tenderness, "liking," juiciness, and flavor) such that all decreased as shear force increased and IMF decreased (Hopkins et al., 2006) . In addition, lamb meat shear force of less than 3 kg was found to be desirable to consumers (Hopkins et al., 2006) and all sire breed effects for WBSF from this study averaged less than 3 kg.
Quality Measures with Increasing Chilled Carcass Weight
Least-squares means and allometric coefficients for LM quality measurements adjusted to comparable CCW are shown in Table 5 . Allometric coefficients were all significantly less than 1.0, indicating that LM quality measurements change less rapidly than CCW. As expected, the allometric coefficient for IMF of 0.608 indicated a relatively strong positive relationship between CCW and IMF. However, most other measures of carcass fatness previously reported for these lambs had allometric coefficients that were ≥1.0 . Allometric coefficients for the remaining quality measurements did not differ greatly from 0, ranging from -0.08 to 0.18. Four measurements (i.e., pH, pH24, Minolta L*, and percentage of cooking loss) had slightly negative allometric coefficients, indicating that these measures became smaller as CCW increased.
Evaluating these data with a preliminary model (2A) discussed in Mousel et al. (2013) revealed that all measurements except IMF and lean quality had significant (P < 0.001) year × harvest group interactions. This result suggested the presences of "batch" effects (i.e., relatively unpredictable differences among animals evaluated at different times) for these measurements, as discussed by Mousel et al. (2013) , and provides justification for testing breed effects using the harvest group × sire breed × year interaction as the error term. However, IMF and lean quality exhibited significant (P < 0.001) residual harvest group effects after adjusting for CCW and did not exhibit year × harvest group interactions. After adjusting for CCW, IMF was greater (with harvest group means of 5.33, 6.14, and 6.64%, respectively) but lean quality was less (with harvest group means of 12.51, 12.32, and 11.91, respectively) for animals harvested after increasing numbers of days on feed. The pattern of change in IMF was similar to that observed in these lambs for kidney and pelvic fat weight and body wall thickness , indicating that increases in CCW arising from increasing days on feed had a greater effect on IMF than did that associated with differences in CCW at a constant number of days on feed. The pattern of change in lean quality scores was similar to that observed previously for carcass quality grade, indicating that changes in lean quality scores associated with increasing CCW by increasing time on Table 5 . Allometric growth coefficients (β) and least-squares means, standard error of the mean (SEM), and P-values for sire breed effects on LM quality measurements at comparable chilled carcass weight feed were smaller than those associated with differences in CCW at a constant number of days on feed. At comparable CCW, Texel-sired lambs had greater (P < 0.01) lean quality scores than Columbia-and Suffolksired lambs, and Composite-sired lambs were not different from any of the other lamb types (Table 5) . No other sire breed differences were detected (P > 0.15) for the other LM quality measurements, in part because we believe that we used a conservative error term (harvest group × sire breed × year) to test sire breed effects. Our results are in agreement with Vesely and Peters (1966) , who reported that Columbia-sired lambs did not differ from Suffolk-sired lambs in WBSF or IMF. Results from Abdulkhaliq et al. (2007) also agreed with this study; WBSF and percentage of cooking loss did not differ between Texel-and Suffolksired lambs. However, Shackelford et al. (2012) found that slice shear force was significantly reduced in Texel-sired lambs, compared with Suffolk-and Composite-sired lambs, but sire breed did not affect IMF.
Based on the results of this study, we conclude that sire breed had very little effect on LM quality measurements of crossbred wethers raised to weaning in an extensive rangeland production system and fed a finishing diet after weaning. The data indicated that, at both comparable numbers of days on feed and comparable CCW, LM quality measurements were similar for crossbred lambs sired by Columbia, Composite, Suffolk, and Texel rams. Producers in the western United States producing market lambs in extensive rangeland production systems can therefore select any of the 4 sire breeds used in this study without greatly affecting LM quality, which should meet consumer expectations.
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